Abstract
Introduction
High Electron Mobility Transistor (HEMT) or Modulation Doped field Effect Transistor (MODFET) is the fastest transistor currently available and a suitable candidate for microwave and millimeter wave applications [1] [2] . It is a hetero-structure device and the unique properties of HEMT are the presence of a two dimensional electron gas (2-DEG) at its interface [3] . Because of its high power handling capabilities, GaN based pHEMTs have attracted increasing interests [4] [5] . Owing to its large band-gap, GaN is particularly suitable for high frequency, high power and high temperature applications [6] [7] . In addition, AlGaN/GaN material is suitable for applications in the transmission and distribution of electric power [8] [9] . The AlGaN/GaN pHEMT is an attractive option for various radar, communication and satellite applications in the high frequency range [10] [11] . AlGaN/GaN pHEMTs have breakdown voltages in excess of 100V, which eliminates the need for protection circuitry, such as in a front-end receiver, making an AlGaN/GaN based design less complex with lower noise [12] . AlGaN/GaN has also lower electron mobility and high electron velocity making it useful at high frequencies. Since, these values of electron mobility and electron velocity translate into a good unity current gain (f T ) and maximum frequency of oscillation (f max ), so, it also performs well for noise [13] . The short channel effects and parasitic resistances deteriorate the microwave performance of the device. So, it is significant to figure out the extrinsic and intrinsic factors behind the electrical degradation of
Model Formulation
In this section, an analytical model of a AlGaN/GaN MODFET is presented. The basic structure of the AlGaN/GaN MODFET for the present work is shown in Figure1.
Figure 1. Cross-sectional view of 2-DEG MODFET
The threshold voltage th V of the doped structure can be expressed as:
where m  is the Schottky barrier height, c E  is the conduction band discontinuity at heterojunction, d N doping density of the AlGaN layer,  is the effective width of the 2DEG. In the foregoing section, an attempt is made to obtain the various parameters of the proposed model such as transconductance, drain conductance etc. analytically by taking the parasitic resistances into account.
Intrinsic Characteristics
The drain current in the channel for AlGaN/GaN MODFET can be written [17] as: 
Where
is the electric field at any point x in the channel, 
Linear Region
The electron velocity is less than the saturation velocity and using eq.(3), the drain current in the linear region can be obtained as:
After solving eq. (5) using boundary conditions
for L x  , the current flowing through the 2DEG is found to be:
Where L is the gate length of the device.
Saturation Region:
The channel voltage increases from source to drain, the electric field is maximum close to the drain, and the velocity saturation occurs first at the drain side of 
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Copyright ⓒ 2014 SERSC the gate region. At the drain end of the channel, the velocity of the electrons saturates to sat V . Thus from eq. (4) c x E forE  , the drain current can be given as:
Using eq. (4) and eq. (7), with
is given as:
The saturation drain voltage can be calculated analytically by equating eq. (8) and eq. (6) Transconductance in linear region can be obtained by differentiating eq. (6) w.r.t.
Drain Conductance:
It is also a measure of the device gain. Mathematically, it is given as:
Drain conductance in linear region can be obtained by differentiating eq. (6) w.r.t. 14) 2.2.1. Linear region: Considering the above conditions, the drain current in the linear region can be obtained from eq. (8) 
The extrinsic saturation drain voltage can be obtained numerically by equating eq. (15) at 
Capacitance-Voltage Characteristics
Total channel charge is given [17] as:
Rearranging (2) and using (3), we get 
Using [18] ) ( ) ( 
Gate-Drain Capacitance
It is also called as feedback capacitance. It is defined as the rate of change of charge on the gate electrode with respect to the drain bias when the source and the gate potentials are kept constant. 
Gate-Source Capacitance
The gate-source capacitance ( gs C ) is defined as the change in total charge with the change in gate voltage. It is mainly due to the 2DEG in the normal operating region, and is given as   
Cut-off Frequency
It is one of the primary figure of merit for microwave performance, which can be obtained as; LZ is the effective area under the gate.
Finally, the parameters of the proposed model are obtained analytically in the above sections.
Results and Discussion
The characteristics of AlGaN/GaN MODFET have been modeled and the results obtained are compared with the previous simulated results to prove the validity of the model. The intrinsic and extrinsic characteristics are also plotted to predict the effect of parasitic resistances. The variation of drain current with drain voltage for intrinsic and extrinsic cases at different gate voltages is depicted in Figure 2 . A small variation in extrinsic and intrinsic characteristics is observed for smaller gate voltages. The difference between intrinsic and extrinsic characteristics shows that the analysis without parasitic source and drain resistances, i.e., intrinsic case results in low saturation voltage and higher drain currents. Taking into account these parasitic resistances, i.e., extrinsic case, close agreement with the simulated results are obtained. This is because increase in channel resistance as gate voltage decrease. Due to increase in channel resistance, the effect of parasitic resistance becomes negligible. A high saturation current of 502.6mA/mm at a gate bias of 1V is achieved. The calculated results are in good agreement with the simulated results [19] . 
Figure 4. Dependence of drain current on gate voltages
The variation of drain current with gate voltage is depicted in Figure 4 . Figure shows that with increase in gate voltage, the drain current also increases. The extrinsic characteristics are found to be closer to the simulated results. The discrepancy observed at higher gate voltages. The analytical results are in close proximity with the previous published results [19] .
The variation of transconductance with gate voltage is shown in Figure 5 . The transconductance increases with gate voltage in the linear region. The transconductance decreases with the increase in negative gate bias as the depletion layer width increases and channel width decreases. The transconductance of 33.2 mS and 32.3 mS respectively are observed for intrinsic and extrinsic cases. The variation of gate-drain capacitance with drain bias is depicted in Figure 6 . It can be observed from the figure that the capacitance decreases gradually with increase in drain voltage. The calculated results are in good agreement with the previously simulated results [20] .
The dependence of gate-source capacitance on gate voltage is shown in Figure 7 . It is evident from the Figure 7 that gs C decreases with increase in negative gate bias because of the increase in depletion layer width. The analytical results are in good agreement with the previously published results [20] . The variation of gate-source capacitance and gate-drain capacitance with drain current is shown in Figure 8 . It can be seen from the figure that the gate-source capacitance increases with increase in the saturation current because of the increase in gate-source voltage. Also gate-source capacitance is almost constant in the saturation region. The calculated results are in close agreement with the previously published results [21] .
The dependence of cutoff frequency with gate voltage for both extrinsic and intrinsic cases is plotted in Figure 9 . The cutoff frequency increases with gate voltage and then saturates. The highest cutoff frequencies for both intrinsic and extrinsic cases are observed at 22.5GHz and 21.3 GHz, respectively. 
